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Thin ﬁlmsDiamond-like carbon (DLC) is a metastable form of amorphous carbon with attractive properties such as high
hardness, low friction, chemical inertness and high wear resistance. In this work, hydrogenated amorphous
carbon (a-C:H) thin ﬁlms were deposited using a plasma enhanced chemical vapor deposition technique by
pulsed DC plasma with a simple, low-cost and efﬁcient arrangement of multi-cathodes and multi-anodes in
order to enhance the plasma by electrostatic conﬁnement. The samples were characterized by Scanning Electron
Microscopy, Energy Dispersive X-ray Spectroscopy, Elastic Recoil Detection Analysis, Raman Spectroscopy, and
nanoindentationmeasurements. a-C:H thin ﬁlms show an homogeneous hydrogenproﬁle along theﬁlms depos-
ited at−600 V and−800 V and variable working pressure. According to Raman spectra, both the ID/IG ratio and
the G-peak position increase at higher voltages (more remarkable dependence) and lower working pressures
(less remarkable dependence). Moreover, the hardness depends on working conditions such as power supply
voltage and total working pressure. The electrostatic conﬁnement enhances the deposition rates of a-C:H thin
ﬁlms up to values of 0.9 μm·h−1, which is almost double than those previously published by pulsed DC plasma
in similar conditions. The Raman spectra follow the stage 2 of an established model and this structure transition
may explain the hardness behavior.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Amorphous carbon (a-C) thin ﬁlms with or without hydrogen are
state-of-the art materials that can be used in several applications from
piezoelectric sensors to wear and friction reduction of mechanical
pieces/parts [1–3]. a-C thinﬁlms likeDLC are used as coatings for energy
efﬁciency of vehicle engines owing to their very low friction coefﬁcients
[4,5]. According to energetic balances, a reduction of friction in vehicle
engines can reduce the total fuel consumption [6]. For example, the de-
position of low friction coatings only onto cam and/or bucket tapped
would reduce the friction by 30% in this mechanism, which means an
economy of 1% of total fuel consumption [7]. However, the production
cost of a-C thin ﬁlms avoids its widespread application in most of vehi-
cles and, consequently, a guaranteed low friction material cannot be
used at the large-scale due to economical issues.
The plasma ignition and stability depend on ionization and excita-
tion events of neutral atoms and molecules, mainly driven by inelastics do Sul, Caxias do Sul, RS, Brazil.collisions with electros [8]. Current technologies for a-C thin ﬁlm
deposition aremagnetron sputtering, cathodic arc, and PECVD by radio-
frequency and/or middle-frequency [9–11]. These techniques are based
on the electron conﬁnement produced bymagnetic ﬁelds and/or events
of energy transfer by induction [8]. In the case of magnetic ﬁelds, the
helicoidal trajectories of electrons allow extending the path to anode,
consequently increasing the probability of electron collision with gas
components. In the case of energy transfer by induction, the radiofre-
quency and middle-frequency change the electron density oscillation,
which increases the electron energy and, consequently, the ionization
events are enhanced due to the interactions of more energetic electrons
with neutral atoms andmolecules [12]. Furthermore, a hot ﬁlament can
be used in order to increase the electron density by direct injection of
electrons [8]. In all cases, electrons play themain role leading to increase
the density of active species, the plasma reactivity and the process
efﬁciency.
Although some articles were published in the ﬁeld of a-C thin ﬁlm
deposition by PECVD using pulsed DC plasma, this technique that
involves a typical capacitive discharge is not already used at the
commercial scale worldwide [13–15]. Cheaper and more versatile
than magnetron sputtering, cathodic arc, and RF based techniques, the
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large-scale a-C thin ﬁlms at low costs. However, the deposition rate at
low pressure as 30 Pa of pure CH4 and a pulse frequency of 25 kHz
goes from 0.1 to 0.5 μm h−1 [16], enabling several industrial
applications.
Recently, the hollow cathode effect could achieve high deposition
rates for a-C:H thin ﬁlms of up to 1 μm min−1 on the internal surface
of cylindrical geometries [17]. However, the geometry where the effect
is obtained does not allow the massive application of such thin ﬁlms. In
this context, the electrostatic conﬁnement of plasma can increase the
electron density in order to stabilize and focalize the glow discharge
for optic applications like lasers [18,19]. According to these authors, dif-
ferent arrangements of cathodic cages conﬁne electrons bymeans of an
electrostatic ﬁeld. In particular, the proposed cathodic cage is indeed a
collection of multi-cathodes and multi-anodes, which represents from
a physical point of view of a geometry of electrostatic conﬁnement
rather more than a segmented cage or hollow cathode [19].
A previouswork has shown that it is possible to apply an electrostatic
conﬁnement to enhance the plasma for surface engineering treatments
like plasma nitriding and thin ﬁlm depositions [20]. Nevertheless, the
processing parameters in order to deposit a-C:H with acceptable me-
chanical properties were not yet explored in details in this technique.
Therefore, the possibility of depositing a-C:H thin ﬁlms with high wear
resistance and low friction coefﬁcient at relative high deposition rates
and low costs may open new pathways to widely apply these ﬁlms in
cheap mechanical pieces/parts regarding energy efﬁciency issues and
decorative applications.
In this work, we describe the deposition of amorphous hydrogenat-
ed carbon thin ﬁlm by pulsed DC plasma enhanced by electrostatic con-
ﬁnement and its applications and limitations. Moreover, we study the
inﬂuence of the processing parameters such as total pressure and
voltage on the structure and hardness of a-C:H thin ﬁlms using a
versatile and low cost technique.
2. Experimental
The a-C:H thin ﬁlms were deposited by PECVD through pulsed DC
plasma using a arrangement of multi-cathodes and multi-anodes that
allows the conﬁnement of electron in an electrostatic way. This geome-
try was already described elsewhere [19,20]. The arrangement is
composed of cathodic and anodic rods of stainless steel, disposed alter-
natively in a cylindrical shape. The chamber is fed with a mixture of
methane–argon and the aim of this geometry is to conﬁne the electrons
using an electrostatic ﬁeld in order to affect the trajectory of electrons,
thus increasing the probability of collision with methane molecules
and argon atoms leading to enhance the process efﬁciency and stabilize
the plasma at lower pressures than usual for conventional pulsed DC
plasma [19,20]. Fig. 1a shows the arrangement of multi-cathodes andFig. 1. (a) A photograph of a characteristic plasma process in the electrostatic conﬁnement ar
plasma processing.multi-anodes inside of the chamber when the plasma is turned. The
conﬁguration and details of the arrangement of multi-cathodes and
multi-anodes were already published elsewhere [20]. Fig. 1b shows a
schematic of the multi-cathode and multi-anode conﬁguration where
L indicates the radius of about some centimeters where the light inten-
sity of the glow discharge is apparent. The distance L in Fig. 1b depends
on working pressure and in our experiments varied from 1 cm to 5 cm.
Moreover, the cathodic and anodic rods are apparent. Finally, Fig. 1c
shows a characteristic sample after plasma processing.
The a-C:H thin ﬁlms were deposited on commercial pure aluminum
substrates, prepared by usual metallographic techniques and cleaned
ultrasonically in an acetone bath. We have chosen pure aluminum as
substrate owing to the good adhesion of a-C:H on such metal without
needing an adhesion interlayer [21]. For each experiment, two samples
were placed on the sample holder, connected to the cathodic part of the
arrangement. The plasma chamber has a height of 80 cmand a diameter
of 40 cm and before processing was evacuated until a base pressure of
2 Pa was reached. A single stage oil sealed rotary vane pump with a
speed of 18 m3 per hour was used (Edwards E1M18). Samples were
ﬁrst ion cleaned in an argon plasma for 30 min at a pressure of 8 Pa
and a voltage of−400 V. To begin the coating deposition, the chamber
was then fed with a mixture of argon and methane (50%–50%). Deposi-
tions were conducted without heating but a temperature rising lower
than 150 °C was observed due to thermal dissipation. An asymmetrical
power supply was used and the frequency and the duty cycle were kept
constant at 10 kHz and 40%, respectively. The negative voltages were
quadratic pulses and were varied from−400 V to−800 Vmaintaining
a pulse current of 100mA. Between the negative pulses, a constant pos-
itive pulse of+30 Vwasmaintained. The deposition timewas kept con-
stant for all samples (180 min). Finally, the total working pressure was
varied from 10 Pa to 40 Pa In order to achieve these pressures, the inlet
gas ﬂow rates were varied from 4 to 30 sccm for both gases (Ar and
CH4).
Samples were ex-situ characterized by Scanning Electron Microsco-
py (SEM-Shimadzu SSX-550) in order to study the microstructure and
the morphology of the coating and in order to determine the thin ﬁlm
thicknesses. Moreover, the SEM has attached an accessory for Energy
Dispersive X-ray Spectroscopy (EDX) that was used to analyze the
chemical composition of thin ﬁlms in qualitative terms. Raman Spec-
troscopy allowed the determination of structural aspects of a-C:H thin
ﬁlms by using a Raman Confocal NTegra Spectra, NT-MDT (473 nm
laser). The hydrogen proﬁle was evaluated by Elastic Recoil Detection
Analysis (ERDA) using an incident 4He beam of 2 MeV energy with
α= β= 73°, θ= 32° at the Ion Implantation Lab from the IF-UFRGS.
The hydrogen content was estimated through the ERDA results by
comparison with a low density polyethylene (LDPE) standard that has
2.00 × 1016 H atoms/cm2 and using the SRIM program [22]. Finally, the
hardness was accessed by nanoindentation tests using a NanoTest-600rangement; (b) a schematic of such arrangement; and (c) a typical sample of a-C:H after
Fig. 2. (a) SEM image in cross-section of a characteristic sample (40 Pa and−800V)where the a-C:H thinﬁlmdeposited onto aluminumsubstrate is shown. (b) EDX spectrumof the a-C:H
thin ﬁlm, which is principally composed of carbon.
Fig. 3. a, b and c: ERDA spectra of a-C:H thin ﬁlms deposited at −800 V, −600 V, and
−400 V, respectively, and variable working pressure.
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sided pyramidal diamond tip (Berkovich indenter). The unloading por-
tion of load–depth curves was analyzed, allowing estimating the hard-
ness for thin ﬁlms as an average value of 20 individual measurements
[23]. Nanoindentation tests were performed at a load rate of
0.05mN·s−1 and amaximum indentation depth of 50 nm. The substrate
effect on hardness measurements appears when the indentation depth
reaches between 10% and 20% of the total thickness. In order to avoid
the substrate effect, we chose the lower limit of less than 10% of the
total thickness to perform our nanoindentation measurements.
3. Results and discussion
Fig. 2a shows a characteristic SEM image of a a-C:H thin ﬁlm depos-
ited onto aluminum substrate in cross-section. According to these direct
observations and measurements, the thicknesses of our thin ﬁlms vary
between 1.6 μm and 2.6 μm. Moreover, Fig. 2b shows a qualitative
chemical analysis by EDS where the deposited thin ﬁlms are principally
composed of carbon and some aluminum comes from the substrate. The
rough appearance of the substrate is due to its low hardness that allows
plastic deformation during the sample preparation for cross-section
analysis.
Fig. 3a, b and c shows the ERDA spectra of samples deposited at
−800 V,−600 V, and−400 V, respectively, and variable working pres-
sure. The physical interpretation of ERDA spectra is as follows: the
intensity is proportional to theH concentration and the energy is related
to the depth [24]. Thus, the ERDA spectra provide the hydrogen proﬁles
along the a-C:H thin ﬁlms. Moreover, the log scale helps to take into ac-
count the in-depth exponential decay of elastic recoil H atoms where a
roughly constant intensity at different energies means a constant
hydrogen content along the thin ﬁlm. In such case, the hydrogen pro-
ﬁles are roughly constant for samples deposited at −800 V and
−600 V (Fig. 3a and b), whereas the hydrogen proﬁle for sample depos-
ited at−400 V decreases (Fig. 3c). Qualitatively, the hydrogen content
is homogeneous along the a-C:H thin ﬁlms deposited at−600 V and
−800 V. For the deposition performed at −400 V, the continuous
decreasing from higher to lower recoil energies indicates that the
hydrogen content is not homogeneous in these thin ﬁlms and the hy-
drogen content decreases along the a-C:H from outermost to under-
neath layers. The ERDA spectra were simulated by using the SRIM
program and the hydrogen content in the a-C:H thin ﬁlmswas estimat-
ed to vary from 30 at.% to 45 at.%. Moreover, the analysis of the
background slope on the Raman spectra provides hydrogen contents
that are in agreement with results obtained from ERDA experiments
and severalworkswhere a-C:H thin ﬁlmswere depositedwith different
methods and analyzed by Raman [24,25–28].
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Fig. 5. a–b: Evolution of the ID/IG ratio as a function of working pressure and voltage, re-
spectively (the lines are a guide for the eyes).
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(EDS and ERDA), our thin ﬁlms are constituted by carbon and hydrogen
(a-C:H) and their deposition rates vary from 0.3 to 0.9 μm h−1 at low
pulse frequencies as 10 kHz. Moreover, higher voltages (−600 V and
−800 V) render more homogenous a-C:H than lower voltages
(−400 V) in terms of hydrogen concentration along the thin ﬁlms.
All samples were characterized by Raman Spectroscopy. In all cases,
the spectra of a-C:H thin ﬁlms exhibit the characteristic D and G contri-
butions. Fig. 4a and b shows the Raman spectra of a-C:H deposited at
variable working pressures and constant voltages of −400 V and
−800 V, respectively. In a-C:H thin ﬁlms obtained at−400 V, the base-
line for samples deposited at 40 and 25 Pa has a positive slope, which is
related to a luminescence phenomenon (see Fig. 4a) as published else-
where [28]. This behavior is associated with the presence of polymeric
carbon chains (amorphous carbon with high hydrogen content),
whichdecreases the thinﬁlmhardness [9]. However, samples deposited
at lower pressures than 25Pa at−400V aswell as all samples deposited
at−800 V do not show such luminescence phenomenon or at least it is
not so remarkable as before.
The two characteristic G and D peaks are related to vibrations of
sp2-hybridized carbon atoms in all types of sp2 sites (aliphatics and
aromatics) and graphitic nanodomains constituted by six-fold aromat-
ic rings, respectively [9,29]. Therefore, the analysis of such peaks pro-
vides structural information of a-C:H thin ﬁlms. In particular, the
intensity ratio of peaks D and G (ID/IG ratio) and the G-peak position
give relevant information to be studied. Fig. 5a and b shows the evolu-
tion of the ID/IG ratio as a function of working pressure and voltage, re-
spectively. In the case of Fig. 5b, the values represent an average of all
pressures at the same voltage. From Fig. 5a, one can see that although
the ID/IG ratio decreases monotonically with increasing working pres-
sure at−400 V and−800 V, the tendency is slight at−600 V. More-
over, the average value of the ID/IG ratio increases from low to high
voltages. Similar behaviors are observed when the G-peak position is(a)- 400 V
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error at deposition performed at−400 V and−800 V. For samples ob-
tained at−600 V, the G-peak position remains roughly the same owing
to the higher dependence on the applied voltage than the working
pressure (see Fig. 6a). Moreover, the average value the Raman shift of
the G-peak clearly increases from low to high voltages (see Fig. 6b).
The Raman spectrum is considered to depend on: (a) clustering of
the graphitic domains; (b) bond disorder; (c) presence of sp2 rings or
chains [28,29]. Consequently, the behaviors of the ID/IG ratio and the
G-peak position that were observed are able to describe some aspects
of a-C:H thin ﬁlm structure. For example, the ID/IG ratio has been ob-
served to vary inversely with the size of graphitic clusters and also the
ID/IG ratio decreases with increasing the number of aromatic rings per
cluster [9,30]. In particular, our a-C:H thin ﬁlms are in agreement with
the tendency observed in stage 2 of the three-stagemodel that classiﬁes
the Raman spectra of all disordered carbons [9]. Comparing our results
from Fig. 5a and b to those previously published and discussed above,
one can conclude that higher voltages (more remarkable dependence)
and lower working pressures (less remarkable dependence) promote
a clustering process that increases the quantity and/or reduces the
size of graphitic nanodomains (structure transition) due to the increas-
ing of the ID/IG ratio [29]. The same interpretation may be done in the
shifting of the G-peak position as shown in Fig. 6a and b. The clustering
process mentioned above in a-C:H thin ﬁlms increases the G-peak posi-
tion [31]. It is important to remark that the sp3/sp2 ratio in stage 2 (see
Fig. 37 in Ref. [9]) may be the same in thewhole structure transition [9].
Fig. 7 shows the hardness behavior of a-C:H thin ﬁlms at different
voltages and working pressures. It is clearly seen that the lowest hard-
ness values correspond to a-C:H thin ﬁlms deposited at voltage of
−400 V. On the contrary, one can see that the highest hardness value
of 14.4 ± 1.2 GPa was achieved for a voltage of−800 V and a working
pressure of 15 Pa. Furthermore, the thin ﬁlm hardness depends more
strongly on the voltage than the working pressure. One can remark
that even the highest hardness value is lower than those published in
previous works due to the base roughing pressure of 2 Pa. This base
pressure was intentionally used in order to explore the limitation of
this technique in the hardness of a-C:H thin ﬁlms and a recent publica-
tion from our group showed the chemical analysis of a-C:H thin ﬁlms
obtained under the same deposition conditions [32]. Moreover, these
relatively low hardness values can be explained, partially, by the
relatively high hydrogen content in our a-C:H thin ﬁlms [10]. Despite
of these low hardness values, applications of these a-C:H thin ﬁlms in
mechanical parts of engines and decorative pieces are suitable.
Process parameters such as power supply voltage and total working
pressure control the ﬁnal hardness of the a-C:H due to the inﬂuence
of the energy of ion species impinging on substrate surface where
the thin ﬁlm grows [33–37]. Indeed, a higher voltage leads to higherpotential difference between anodes and cathodes, thus a higher kinetic
energy of ion species is achieved at constant working pressure. The
same behavior is obtained when the working pressures is analyzed.
Higher working pressures lead to the increase of the scattering events
between the ion species going to the a-C:H thin ﬁlm and the neutral
molecules in the internal atmosphere due to these energy loss process-
es. Therefore, higher working pressures decrease the energy of ion spe-
cies impinging on substrate surface [38]. Moreover, we suggest that the
mean ion energy dependsmore strongly on the applied voltage than the
working pressure.
The higher hardness values were obtained at higher voltages and
lower working pressures. We suggest that these ion particles gain sufﬁ-
cient energy to penetrate underneath positions of the thin ﬁlm contrib-
uting to the ﬁlm densiﬁcation [9,39]. In our case, higher energies of ion
species promote clustering processes (thin ﬁlm densiﬁcation due to a
structure transition), which increase the hardness of a-C:H thin ﬁlms.
This tendency is in agreement with the Raman data where the increas-
ing of both the ID/IG ratio and the G-peak position is concomitant with
the increasing of the ion species impinging on a-C:H thin ﬁlms due to
experimental conditions of higher voltages (more remarkable depen-
dence) and/or lower working pressures (less remarkable dependence).
4. Conclusions
Hydrogenated amorphous carbon thin ﬁlm deposition by pulsed DC
plasma was enhanced by electrostatic conﬁnement. This arrangement
of multi-cathodes and multi-anodes allows to perform a-C:H thin ﬁlm
depositions in a low-cost and versatile way and in conditions where
conventional pulsed DC plasma equipments (single cathode and
anode) show lower deposition rates than in a multi-electrode arrange-
ment. a-C:H thin ﬁlms are homogenous in terms of the hydrogen proﬁle
along the thin ﬁlms obtained at−600 V and−800 V where the hydro-
gen content varies from 30 at.% to 45 at.% and with deposition rates of
up to 0.9 μm·h−1. The Raman results (ID/IG ratio and G-peak position)
follow an established model that indicates a structure transition from
amorphous carbon to nanocrystalline graphite (clustering process).
The hardness depends more strongly on applied voltage than working
pressure and follows the structure transition model where the highest
hardness value is achieved in the nanocrystalline graphite region of
the stage 2 according to Raman results. Finally, new pathways can be
opened in the ﬁeld of carbon amorphous thin ﬁlm deposition in order
to expand the application in more mechanical parts and/or pieces,
regarding energy efﬁciency issues and decorative applications.
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